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INTRODUCTION

AlGaN/GaN high electron mobility transistors (HEMTs) show great promise for
applications in which high speed and high temperature operation are required, such as
high frequency wireless base stations and broad-band links, commercial and military
radar and satellite communications [1-30]. These devices appear capable of producing
very high power densities (>12Wemm'"), along with low noise figures (0.6dB at 10GHz)
and high breakdown voltage. A number of recent reviews have appeared on this
topic[31-35]. The use of metal-oxide-semiconductor (MOS) or metal-insulator-
semiconductor (MIS) gates for HEMTs produces a number of advantages over the more
conventional Schottky metal gates, including lower leakage current and greater voltage
swing [3, 22, 26, 28-30]. Amongst the materials employed for gate oxide/insulators are
Si0, [3, 25-30, 42, 43], Gd(Ga,03) [25, 26, 30, 40], AIN [41], SiNx [16, 36-39], MgO
[27, 44] and Sc,05[44]. These materials can also be employed as surface passivation
layers on HEMTs. One problem commonly observed in these devices is the so-called
“current collapse” in which the application of a high drain-source voltage leads to a
decrease of the drain current and increase in the knee voltage [5, 7, 14-20, 23]. This
phenomenon can also be observed by a current dispersion between dc and pulsed test
conditions or a degraded rf output power. The cause is the presence of surface states on
the cap layer or trapping centers in the resistive buffer underlying the active channel. The
carriers in the 2-dimentional electron gas can be lost either to the surface or buffer traps
[5, 7, 45-48]. The former may be mitigated to a greater or lesser extent by use of
appropriate surface passivation, most often SiNx deposited by plasma-enhanced chemical
vapor deposition (PECVD), while the latter is a function of the epitaxial growth
conditions. In the situation in which surface states dominate the current collapse, the use
of SiNx passivation typically restores 70-80% of the “lost” current.

We have recently found promising results for two alternative candidates for HEMT

passivation, namely Sc,03 and MgO [49, 50]. A comparison of the properties of these

oxides with those of the other commonly used passivation materials on GaN is shown in
Table I. They have smaller lattice mismatch to GaN and larger bandgap than Gd,O;. In
addition, they do not contain hydrogen and may have advantages over SiNx in that
respect because atomic hydrogen diffuses rapidly and could enter the GaN or gate metal
over extended periods of device operation.

In this paper we report on a comparison of SiNx, MgO and Sc,0j3 passivation layers on
AlGaN/GaN HEMTs with different layer structures (GaN vs AlGaN cap layer) and show
the long-term (5 month) stability of the MgO and Sc,05 passivation. We find essentially
complete mitigation of the drain current collapse in GaN-capped HEMTs passivated with
MgO or Sc,03, compared to 70-75% recovery with SiNx. For AlGaN-capped HEMTs,
the MgO and Sc,0; is effective in restoring ~80-90% of the drain current.

EXPERIMENTAL

Two different HEMT structures were used in these experiments. The first employed a
GaN undoped cap layer on top of an undoped Alp>GagsN layer. Both ALO; and SiC




substrates were used. The doping in this structure is basically due to piezo-induced
carriers. The second type of HEMT employed an undoped Alg3Gao 7N cap layer on top
of a doped Aly3Gag 7N donor layer. The doping in this structure is due to the intentional
Si-doping of the donor layer. The ohmic (Ti/Al/Pt/Au) and gate (Ni/Au) contacts were
deposited by e-beam evaporation and patterned by lift-off. Schematics of the completed

device structures are shown in Figure 1.

The 100A thick MgO, Sc,0; or SiNx layers were deposited on completed devices (0.25-
1.2um gate length, 100um gate width) using either Molecular Beam Epitaxy (MBE) for
the oxides or PECVD for the SiNx, with deposition temperatures of 100°C in the oxide
case and 250°C for the SiNy case. Details of the oxide deposition have been given
previously [49-50]. The SiNx films were deposited with either SiHs + NHj or SiDs +
ND; to examine the effect of deuterated precursors.

The HEMT dc parameters were measured in dc and pulsed mode at 25°C, using a
parameter analyzer for the dc measurements and pulse generator, dc power supply and
oscilloscope for the pulsed measurements. For the gate lag measurements, the gate
voltage Vi was pulsed from -5V to 0V at different frequencies with a 10% duty cycle.

RESULTS AND DISCUSSION

(a) Unpassivated Devices

Figure 2 (top) shows typical gate lag data for 0.5x100pum* GaN-cap HEMT grown on
sapphire substrates. The decrease in drain-source current becomes more pronounced at
high measurement frequencies. The degradation in current was less significant when
these same structures were grown on SiC substrates, as shown in Figure 2 (bottom). The
defect density will be lower in the latter case due to the closer lattice match between GaN
and SiC and this appears to affect the resultant surface state density. This suggests that at
least some of the surface traps are related to dislocations threading to the surface.

The effects of both substrate type and HEMT gate length on the change in drain-source
current are shown in Figure 3. The shorter the gate length, the more pronounced the
degradation in current because of larger surface area and higher electric field in the
channel between source (S) and drain (D). The S-D distance was fixed in all cases.

(b) SiNyx Passivation

Figure 4 (top) shows the Ips-Vps characteristics before and after SiNx passivation using
either hydrogenated or deuterated precursors. The inset shows the complete set of curves
for the as-fabricated HEMT and the main figure shows only the uppermost curves for
clarity. The Ips increases after passivation with either type of SiNx, which indicates that
the surface state density is decreased [15]. Similarly, the transconductance (gm) increases
after SiNx deposition, which also suggests a decrease in surface trap density (Figure 4,

bottom) [15].

The gate lag data is shown in Figure 5 (top) for the HEMTs before and after SiNx
passivation. Note that both the hydrogenated and deuterated precursor dielectric




produces a recovery of 70-75% in the drain-source current. This range represents results
obtained from five different devices with each type of dielectric. The unity current gain
frequency (fr) and maximum frequency of oscillation (fuax) data before and after
passivation are shown at the bottom of Figure 5. Note that there is actually a slight
increase in both parameters, in contrast to previous reports [15]. There were no
systematic differences between the results for hydrogenated and deuterated precursor
SiNx, even though the latter typically produce slightly denser films when deposited under
the same PECVD conditions.

There was also an increase in forward and reverse gate currents after passivation with
SiNx ,as shown in the I-V characteristics in Figure 6. These results are also consistent
with a decrease in surface depletion and decrease in surface trap density and indicate that
there is no major degradation to the dc performance of the HEMTSs upon addition of the
SiNx layer.We believe the increase in gate leakage is not from the passivation itself,but
may originate from degradation of the gate metalization during the oxide desorption step
at 350°C.

(¢) MgO and Sc;0; Passivation of GaN-cap HEMTs

Figure 7 shows the gate lag data for GaN-cap 0.5><100um2 HEMTs. In the case at top,
Vi was pulsed from —5 to 0V at 0.1MHz with a 10% duty cycle and this pulsed data is
compared to that from dc measurements. The bottom of Figure 7 shows the normalized
Ips for gate voltage switched from -5V with Vpg held constant at 3V to avoid any self-
heating effects. This data establishes the base-line for measuring the effectiveness of the
MgO and Sc,O; passivation. As reported previously [45], these HEMTs showed an
increase in drain-source current of ~20% after deposition of either type of oxide. In
addition, the forward and reverse gate currents were slightly increased (Figure 8 shows an
example for an MgO-passivated HEMT). These results are similar to those for SiNx
deposition. Once again, the increased reverse current may be due to gate metal
degradation.

Figure 9 shows gate lag measurement for MgO-passivated HEMTs immediately after
MgO deposition and after 5 months aging without bias on the devices under room
conditions (temperature and humidity). The Ips increases ~20% upon passivation, as
mentioned earlier and there is almost complete mitigation of the degradation in Ipg
immediately after MgO deposition. However after 5 months aging, there is a clear
difference between the dc and pulsed data, indicating that the MgO passivation has lost
some of its effectiveness. We are currently investigating possible mechanisms such as
oxidation of the GaN surface through pinholes in the MgO, or reaction between the MgO
and GaN.

Similar data is shown in Figure 10 for Sc,0;-passivated HEMTs. In this data the Ipg also
increases upon deposition of the oxide and there is also essentially complete mitigation of
the degradation in drain-source current. However, the major difference is that there is no
significant change in these characteristics after 5 months aging. This indicates that Sc;0;
provides more stable passivation than MgO. We have noticed in separate experiments




that the MgO/GaN interface deteriorates over time if left uncapped, i.e. we see increases
in interface state trap density in MOS diodes on which the metal is deposited a long
period after the MgO was deposited on the GaN. However, if the MgO is immediately
covered by the gate metal these changes are not observed. In a real manufacturing
process, the MgO-passivated HEMTs would be covered with a dielectric such as SiNx to
provide mechanical protection and therefore MgO should not be disqualified as a
candidate to provide effective passivation of GaN/AlGaN HEMTs. Obviously, further
work is needed to establish the reliability of Sc,03; and MgO passivation on these
devices, but the preliminary data with Sc,03 looks very promising.

(d) MgO and Sc,Oj3 passivation of AlGaN-cap HEMTs

Figure 11 shows the gate lag data for the HEMT structures of Figure 1 (bottom), i.e. the
structures with Alg3Gag 7N as the top layer. As with the GaN-cap devices, there is a very
significant degradation of drain-source current under pulsed conditions where the surface

traps cannot completely empty.

The effectiveness of the MgO and Sc,0O; passivation was more variable on the AlGaN-
cap devices than for the GaN-capped HEMTs described in the previous section. Figure
12 shows typical gate-lag data from a Sc,0; passivated AlGaN-cap HEMT. We found
that the Sc,0; deposition was typically able to restore 80-90% of the drain current loss
relative to dc measurement conditions. Some devices showed essentially complete
restoration of the current, but the 80-90% range was more typical. Similar results were
obtained for MgO passivation, as shown in Figure 13. Once again, some individual
HEMTs showed essentially full restoration of Ips upon MgO deposition, but a more
typical result was that shown in Figure 13, with 80-90% effectiveness. We believe that
our in-situ cleaning procedure prior to deposition of these oxides in the MBE chamber is
not able to completely remove the native oxide from the AlGaN surface. This limits the
effectiveness of the resulting passivation and accounts for the more variable results we
observe for the AlGaN-cap devices.

SUMMARY AND CONCLUSIONS

MgO and Sc;0; thin films deposited by MBE appear very promising as surface
passivation layers on AlGaN/GaN HEMTs. In our structures with a GaN-cap layer they
provide more effective mitigation of drain current collapse than the conventional PECVD
SiNy films. The Sc;0; provides stable passivation characteristics over a period of at least
5 months, while the MgO was found to lose some of its effectiveness under the same
conditions. The passivation with both oxides is more variable on AlGaN-cap structures,
which we believe is due to the greater difficulties in removing the native oxide from the
AlGaN surface prior to deposition of the passivation films. With respect to SiNx
passivation, we found no obvious advantage to the use of deuterated precursors for the
deposition. Finally, it showed be noted that both MgO and Sc;0; can also be used as
gate dielectrics on GaN to provide MOS diodes and transistors and thus an MBE system
equipped for their deposition can provide both the gate oxide and the device passivation
in a manufacturing environment.
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Table I: Material properties for GaN and various dielectrics. W = Wurtzite, A =

amorphous, B = Bixbyite, N = NaCl.

GaN SiO; SiNy AIN GGG | Gd;03 | Sc;03 | MgO
[a] [b-d] [d] [e-g] [h] [h-j] [k] [1, m]
Structure \Y% A A Wor A A B B N
Lattice Constant 3.186 - - 3.113 10.813 | 9.845 | 4.2112
Atomic Spacing in - - - - 3.828 | 3.4807 | 2.978
the (111) plane
Mismatch to GaN - - - 2.3 - 20.1 9.2 -6.5
(%)
Tme (K) 2800 1900 2173 3500 2023 2668 2678 3073
Bandgap (eV) 3.4 9 5 6.2 4.7 5.3 6.3 8
Electron Affinity 3.4 0.9 0-29 0.63 0.7
(eV)
Work Function 09-12 2.1 - 4 3.1-
(eV) 3.3 4.4
Dielectric Constant 9.5 3.9 7.5 8.5 14.2 11.4 14 9.8
a. Properties of Group III Nitrides, ed. J. H. Edgar, Inspec, the Institution of
Electrical Engineers, London, UK, 1994.
b. G.W. Kaye, T.H. Laby, Tables of Physical and Chemical Constants and some
Mathematical Functions, 11 ed, Longmans, New York, 1956
c. C. T. Sah, Fundamentals of Solid-State Electronics, World Scientific, New Jersey,
1991
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Figure 1. Schematic cross-sections of GaN-cap (top) and AlGaN-cap (bottom)
HEMT structures.
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